The energy dissipated in vehicle's suspension system due to road roughness affects rolling 5 resistance and the resulting fuel consumption and greenhouse gas emission. The key parame- 
INTRODUCTION
of sprung mass m s with respect to the unsprung mass m u ) of the suspension unit. This 
Mucka (2008)). We thus seek a relationship between the dissipation per distance traveled

55
(δE = δD/V ) and these parameters; that is:
57
It is useful to perform a dimensional analysis of Eq. (1) by considering an extended 
65
The exponent matrix of dimension reads for the problem thus defined:
[ 
Elements of Random Vibration Theory
Stochastic Processes, Definition and Properties
97
Function ξ (t) of an independent variable t is a random process, if ξ (t i ) is a random and the second moment is the autocovariance function:
103
The autocorrelation function of a stochastic process, which is identical to the autocovariance 104 function for zero-mean processes, is defined as:
106
A stationary random process has properties that are independent of the absolute time 
where ω is the angular frequency. The power spectral density (PSD) of a stationary process 116 which is truncated at ±T /2 can also be expressed in terms of the Fourier transform of that 117 process:
119
with · denoting Fourier transform. It can be shown that for any stochastic process ξ (t),
120
PSD function S ξ (ω) is positive, real and even; hence it can also be specified as a one-sided 121 function over only positive frequencies. Of special interest is the case where the time lag is 122 τ = 0 in Eq. (8), since this gives the mean-square of ξ (t) as the area under its PSD:
The stochastic process ξ (t) is Gaussian (normal), if the random variables {ξ (t i )} n i=1
125 are jointly Gaussian for any n ∈ N and all values of t i . A stationary Gaussian process is 126 completely characterized by its mean µ and autocorrelation function R ξ (τ ).
127
Response of a Linear Dynamical System to Random Excitations
128
Once the input excitation ξ (t) to a linear system is decomposed into its harmonics via where H z (ω) is the frequency response function (FRS) defined as the ratio of input excitation ξ (t) to output of interest z (t) when input is the pure harmonic (i.e. when ξ (t) = exp (iωt)).
134
Frequency response function for derivatives of response is readily obtained from the fre-
135
quency response function of the original response using the properties of Fourier transform
138
Once FRS is known, the PSD of response can be related to the PSD of input excitation via:
140
Roughness-Induced Dissipation in the Quarter-Car
141
For the 2-DOF quarter-car system in Figure 1 subjected to a displacement excitation 142 ξ (t) the equations of motion can be expressed in terms of the dimensionless parameters in
143
Eq. (3) in the form:
145
with y s and y u denoting the displacement of sprung and unsprung masses, respectively. In 
150
with κ = 2iωζ + 1. The frequency response function of interest herein relates the relative 151 displacement between the two masses z = y s −y u to the input excitation in frequency domain
, and is obtained from:
Using Eqs. (10), (11) and (12) the mean-square of suspension motion is expressed in terms 155 of the frequency response function H z (ω) and power spectral density of roughness S ξ (ω):
For a vehicle traveling with constant speed V the PSD of roughness S ξ (ω) in function of the 158 angular frequency relates to the PSD of roughness in function of the wave number Ω = ω/V 159 through S ξ (Ω) = V S ξ (ω). The expected value of dissipation in Eq. (4) thus reads:
161 or in the dimensionless functional form Eq. (3) expressed in terms of road roughness variables
162
(c and w) as well as vehicle parameters (γ, β, and ζ): 
186 with subscript GC denoting that the quantity relates to the properties of the golden-car.
187
The above equation can be expressed in terms of the PSD parameters:
We note that IRI depends both on the golden-car dynamic properties (through frequency 
The dimensionless dissipation of the golden-car,
Eqs. (16) and (19) using the values given in Table 1 . It only depends on the waviness number following relation between unevenness index c and IRI is obtained: waviness number w: Therefore the roughness-induced dissipation reduces to:
That is, for a specific road roughness, the dissipation only depends on tire stiffness, k t .
231
IMPACT OF MARGINAL PROBABILITY DENSITY FUNCTION: NON-GAUSSIAN
232
BUMPS AND VALLEYS
233
Here we discuss how the results presented in previous section are affected if the road profile exceeding ±3 standard deviation pertaining to, for example, faulting).
249
A natural way to relax the Gaussian assumption and enrich the modeling process by 250 incorporating distributions of the type shown in Figure 5 where the lack of shoulders and 251 heavy tails are the main attributes, is to use probability distributions with higher kurtosis. distribution which has the heaviest tails among the three distributions.
264
Adopting a non-Gaussian distribution to describe the road profile data the scaling re-265 lationships previously derived need to be revisited. This is achieved by using a simulation 
with ρ(τ ) = R(τ )/σ 2 and φ the bivariate Gaussian probability density function. Generating and Deodatis (1991) and Grigoriu (1993)); and (iii) using the nonlinear transformation Eq.
293
(27) to generate samples of the non-Gaussian process.
294
Impact on Scaling Relations
295
A total of 5,000 road profile realizations were generated from a stochastic process with to hyperbolic secant distribution.
328
APPLICATION: HANDSHAKE WITH HDM-4 MODEL
329
The framework developed herein relates road surface characteristics and dynamic prop-
330
erties of a quarter-vehicle to the roughness-induced dissipation, and thus fuel consumption.
331
In practice, however, vehicle dynamics is far more complex than the simplified quarter-car To calibrate the mechanistic model, the dissipated energy is first converted to fuel con- tribution of road profile was assumed to be Gaussian (see Table 3 for a summary of results).
351
The results of our calibrated model are illustrated in Figure 11 sumed a priori and is not the result of dynamic analysis of road roughness-vehicle interaction.
360
The calibration parameters can also be determined if the Gaussian assumption for profiles is 361 relaxed. Table 3 
366
CONCLUDING REMARKS
367
The mechanistic model developed in this paper quantifies the impact of road roughness integrates the uncertainty in pavement profiles into a thermodynamic quantity (energy dissi-373 pation) using random vibration techniques. This provides a means to identify the governing 374 parameters that drive roughness-induced dissipation and related excess fuel consumption.
375
The results of our analysis establish the relationship between the statistical characteris- The author has requested enhancement of the downloaded file. All in-text references underlined in blue are linked to publications on ResearchGate.
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